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Do not attempt to directly edit the PDF fi le as changes will not be visible. The monolithic hybrid structure of one-dimensional nanowires (NWs) on silicon has been proposed to be an ideal candidate for advanced silicon-based optoelectronics [1] .
Various NW devices have been demonstrated, including solar cells with an efficiency of 14.4% [2] , piezoelectric energy generation [3] , transistors [4] and lasers [5] . InAsSb NWs have attracted considerable attention in the past few years owing to their potential in the fabrication of silicon-based infrared optoelectronics, in particular, highly efficient roomtemperature photodetectors on silicon, which have various important applications, and operate in mid-wavelength infrared (MWIR, i.e. 3-5 μm) and long-wavelength infrared (LWIR, i.e. 8-12 μm). InAsSb alloys possess unique properties such as their direct and widely tunable narrow bandgap energy, high thermal conductivity, small electron effective mass, long carrier lifetime [6] , and high electron mobility [7] . On the other hand, their unique 1D architecture has a number of advantages in device applications such as enhanced light absorption [8] , long carrier diffusion length [9] , improved carrier collection efficiency [10] , great degree of freedom in combining materials with different lattice parameters and the doping profiles [11, 12] . These features make InAsSb NWs an ideal and versatile candidate for a variety of device applications, for instance, in optoelectronics in the infrared and terahertz spectral ranges, high-speed electronics, thermophotovoltaic and thermoelectric devices, and costeffective biosensors.
However, producing high-quality InAsSb NWs with a high Sb content remains a challenge due to the difficulty in incorporating the Sb, and they have poor optical properties caused by the poor crystalline quality of the NWs [13] . Although InAsSb NWs with a whole range of Sb content (0%-100%) have been reported, the photoluminescence (PL) emission wavelength is limited to a wavelength of 4.0 μm at an Sb content of 15% [14] . This is mainly due to the highly dense crystalline defects in the resulting NWs. Different epitaxial techniques have been adopted for high-quality InAsSb NW growth including molecular beam epitaxy (MBE), metal organic chemical vapour deposition (MOCVD) and chemical beam epitaxy (CBE) as well as catalyst-assisted and area selective epitaxy: (i) using MBE, InAsSb NWs were obtained with an Sb content of up to 10% by Zhuang et al on silicon [13, 15] and graphite [16] , up to 15% by Sourribes et al [17] and 35% grown on GaAs (111) by Potts et al [18] ; (ii) using the MOCVD growth technique, catalyst-free InAsSb NWs with an Sb content of up to 43% have also been reported [19] , while selective-area epitaxy on patterned InAs substrates recently demonstrated InAsSb NWs with an Sb content of 15% [14] ; (iii) using MOCVD with Au-catalysis, InAsSb NWs with an Sb content of up to 77% have been obtained [20, 21] ; and (iv), using Au-catalyzed CBE, InAsSb NWs with a whole range of Sb have been realized [22] . Although there has been significant progress in increasing Sb incorporation, there has been no success in extending the emission wavelength above 4.0 μm. In theory, with the increase of Sb content, the emission wavelength should be extended even further to 12 μm. It should be noted that high Sb content NWs, normally obtained by using catalysts [23] [24] [25] [26] , have been demonstrated on a number of devices-though NWs grown using both Au-catalysts [27, 28] and Ni-catalysts [29] exhibit degradation in electrical and optical properties. A recent report of 4.0 μm PL emission from MOCVD selectivearea-grown InAsSb nanowires [14] shows that there is promising potential for catalyst-free growth to obtain optically active NWs.
Here, we report the realization of optically efficient InAsSb NWs on silicon via advanced droplet-assisted epitaxy. Through optimizing the V/III flux ratio and Sb flux we successfully suppressed the Sb surfactant effect and obtained InAsSb NWs with an Sb content of up to 19%, as well as successfully extending the emission wavelength to 5.1 μm. To the best of our knowledge, we have reported the longest emission wavelength of InAsSb NWs so far: 27.5% longer than the previously reported longest emission wavelength (i.e. 4.0 μm). This achievement enables InAsSb NWs to cover the entire MWIR band. This study opens up a route to utilizing InAsSb NWs in the fabrication of highly sensitive siliconbased room-temperature infrared photodetectors operating in MWIR and LWIR.
The InAsSb NWs were grown by a previously established droplet-assisted growth technique [13, 15] . In this growth technique, the NW growth is initiated from the deposition of indium (In) droplets at pre-optimized conditions acting as the seeding site to prompt the growth of the NWs. It is well known that the epitaxial growth of NWs containing Sb is notoriously difficult due to its strong surfactant effect, so we start with an investigation of Sb incorporation. A series of samples were grown on Si (111) at pre-optimized growth conditions. The Sb composition was mainly controlled by tuning the Sb fractional flux (FF Sb ) defined as: FF Sb +F Sb2 / (F Sb2 +F As4 ), where F Sb2 and F As4 are the flux of the Sb and As respectively. This was combined with a variation of the V/III flux ratio to achieve higher Sb incorporation.
The geometry of the resulting InAsSb NWs was investigated by scanning electron microscopy (SEM). We have previously obtained InAs 0.90 Sb 0.10 NWs at a V/III flux ratio of 100 [13] . Sb incorporation increases linearly with an increasing FF Sb , as shown in figure 1(a). However, a higher FF Sb (4.5%) results in a thin film (see figure 2(b) as the SEM image tilted by 45°). This indicates that an FF Sb which is larger than 2.4% will not result in any NWs under our growth conditions. This observation is consistent with a previous report [17] and is associated with the surfactant effect of Sb, which modifies the kinetics and thermodynamic processes during growth [15] . In order to overcome this effect, we attempted to increase Sb incorporation by tuning other growth parameters, e.g. reducing the V/III flux ratio. Figure 2 shows the SEM images tilted by 45°of the samples grown at a V/III flux ratio of 100 under an FF Sb of 2.4% (a) and 4.6% (b), and at an FF Sb of 2.4% under a V/III ratio of 67 (c) and 55 (d). This shows that growth condition (a) produced InAs 0.90 Sb 0.10 NWs, while condition (b) with a higher FF Sb at a V/III ratio of 100 led to thin film. It also shows that a reduced V/III flux ratio favours the growth of NWs and enhances Sb incorporation (see figure 3 for the TEM/EDX-determined Sb composition). As shown in figure 1(b) , decreasing the V/III flux ratio from 100 to 67 and 55 results in an Sb content of 10%, 16% and 19% respectively. It should be noted that the reduction of the V/III flux ratio was obtained by increasing the growth rate. We believe that a faster growth rate reduces the Sb surfactant effect. Meanwhile, the higher growth rate favours Sb incorporation, which is the same as that observed in the epitaxy of InAsSb thin film [30] . It is worth mentioning that the growth of NWs is sensitive to the V/III flux ratio and growth rate, so special care must be taken with the fine-tuning of the above two factors to maintain a regime of NW growth. Also, Sb incorporation led to short, thick NWs, and a dramatic drop of areal density, while the Sb content is higher than 16%, with drops from ∼5×10 9 cm −2 at 16% Sb to ∼3×10 7 cm −2 at 19% Sb, which is consistent with a previous report [20] . We correlate this behaviour with the droplet-assisted growth technique used for growth. The preformed droplets act as nucleation sites to proceed to NWs, consequently determining the distribution of the corresponding NWs. This indicates that the droplet-assisted growth technique is promising for obtaining InAsSb nanowires with high areal density.
The Sb composition of the NWs was determined using energy-dispersive x-ray spectroscopy (EDX) measurements in a transmission electron microscope (TEM). High-resolution transmission electron microscope (HRTEM) images were taken in a JEOL-JEM 2100 microscope working at 200 kV. To prepare the specimen for TEM studies, the NWs were scraped from the substrate mechanically and then deposited on a holey carbon grid. Focused ion beam (FIB) specimens were prepared using a JIB4500 for HRTEM measurements. Energy-dispersive x-ray spectroscopy (EDX) measurements were also carried out with an Oxford Instrument X-MAX 80 to determine the elemental composition and fluctuation. 
related to the modification of Sb incorporation by the kinetics and thermodynamics effects during NW growth. It should be noted that the length of the NW taken by the EDX measurement is much longer than the length determined by the SEM measurements. We believe this is related to the technique we used to catch the NWs for TEM measurements. A copper grid was used to gently scribe the surface of the samples, which results in a much higher chance of catching the longest NWs.
To explore the optical properties of the resulting NWs, we performed PL measurements on a series of as-grown samples with an Sb content of up to 19%. A diode laser emitting at 980 nm was used for excitation. The signal was collected and dispersed by a monochromator and detected by a cooled HgCdTe photodetector through a lock-in amplifier. The power density of the excitation is around 20 W cm −2 (a laser power of 200 mW with a laser spot of around 1 mm 2 ). In addition, an infrared modulated PL method based on a stepscan Fourier transform infrared spectrometer (FTIR) was also used for detailed PL measurements such as temperaturedependent and excitation-dependent scans [31, 32] . Figure 4 depicts the evolution of the low-temperature (10 K) PL spectrum of InAsSb NWs with an increasing Sb composition. Based on the density of the NWs, we estimate that our PL measurement came from a contribution of around 10 6 NWs with a laser spot of 1 mm 2 . Strong PL emission was observed for all the samples, and a long wavelength emission of up to 5.1 μm was achieved. It should be noted that the detected PL emission of the samples is believed to originate from the NWs, although there were InAsSb clusters present on the Si surface. To verify that the emission was from the NWs, we removed them using an ultrasonic bath, and as a result no PL emission was detected from the samples. The failure in luminescence of the clusters is associated with their poor material quality, resulting from both the large lattice mismatch and antiphase domains. Several features can be seen in the NW spectra: firstly, with the increase of Sb composition, the spectra progress from multi-peak emission in the InAs NW sample to single peak emission (at an Sb content 10%); secondly, the dominant peak of the samples shifts to lower energy with an increasing Sb content; and thirdly, the full width of half maximum (FWHM) of the PL spectra tends to be broader for the samples with a higher amount of Sb incorporation. It is important to note that a long wavelength emission of up to 5.1 μm (an equivalent energy of ∼0.242 eV) was obtained for the sample with an Sb composition of 19%. To the best of our knowledge, this is the longest PL emission reported to date for InAsSb NWs.
In figure 4 we also show the decomposition of the PL emission for each sample. One can see that for the samples with an Sb content of 10% and above, only a single peak is visible. The origin of these emissions can easily be assigned to the band-to-band (BtB) transition. However, the samples with a lower Sb content demonstrate multi-peak emission (i.e. the InAs and InAs 0.97 Sb 0.03 NWs). Due to the mixture of the crystalline phases in InAsSb NWs, different transition mechanisms co-exist, e.g. impurity-or defect-related transitions [23, 24, 33, 34] , type-II transitions due to the WZ/ZB mixture [35, 36] and the BtB transition from ZB InAs. We have already identified the co-existence of all these origins in the InAs NWs [13] , and can hence assign the high-energy emission and low-energy emissions originating from the BtB transition and type-II transition respectively. It is worth noting that the defect/impurity-related emission is absent in all the samples. This implies the improved material quality in comparison with the previous samples through further growth optimization. This is correlated to the observation of room temperature PL emission from the InAs NWs. With these assigned origins of the emission peaks, we now focus on the BtB emission peak energy E p , which reflects the bandgap energy E g of the InAsSb NWs, which follows a general relation
where k B is the Boltzmann constant. It should be noted that the peak energy of sample E is lower than the apparent peak centred at 0.321 eV because of the strong absorption of CO 2 at 0.282-0.296 eV. With consideration of this absorption, the emission peak energy of InAs 0.84 Sb 0.16 is estimated to be 0.304 eV. The BtB-related PL emission peak energy and the lineshape for the samples with different Sb compositions (deduced from EDX) are summarized in table 1. The bandgap energy of the InAsSb alloy as a function of Sb composition is expressed as [37]
where x is the Sb composition, E InAs and E InSb are the bandgaps at a temperature of 10 K for InAs and InSb respectively, and C is the bowing parameter. It can be seen that the BtB-related emission shows a strong red-shift with an increase in Sb composition, which is attributed to the bandgap shrinkage with the presence of Sb. This bandgap shrinkage is in agreement with the equation above using a bowing parameter of ∼0.67 eV [38] , which is between the accepted values of 0.66 eV [14] and 0.682 eV [39] . However, for the InAsSb NWs with a high Sb composition of 19%, the PL-deduced bandgap energy is slightly lower than expected. We correlate this difference with the wider Sb fluctuation in the NWs with higher Sb incorporation, as shown in table 1. Such an Sb fluctuation within the segments could construct a slight type-II alignment, which in turn results in a transition energy that is lower than the bandgap energy of the corresponding bulk materials.
In order to evaluate the optical properties at a high Sb content, we also performed temperature-dependent PL for the sample InAs 0.84 Sb 0.16 NWs. Figure 5 shows the PL spectra measured at the evaluated temperature. Emission is visible up to 120 K. A clear red-shift is visible with increasing temperature. The peak energies E p at different temperatures are depicted in the inset with the corrected energy using k T 2 B and the theoretical bandgap energy defined as
where ( ) E T g is the bandgap energy at 0 K, and α and β are empirically determined parameters which can be considered to have linear functions of x. Using 0.297 eV as E g0 for InAs 0.84 Sb 0.16 , and the experimentally determined values of α and β for InAs and InSb [40] , we found that the theoretical bandgap of InAs 0.84 Sb 0.16 follows
It should be noted that the detection of emission is not possible at higher temperatures due to the weak signal.
Q1
The efficient optical properties of our NWs-in particular the pure crystal phase and reduced stacking faults-are attributed to the improved crystalline quality of the NWs obtained by the novel technique of droplet-assisted growth. High-resolution TEM (HRTEM) measurements were performed to investigate their crystalline quality. Figure 6 shows the typical HRTEM images of a series of InAsSb NWs with a different Sb content. One can see that all the NWs with an Sb content below 16% show a mixture of the ZB and WZ segments. The average segment size of each phase in each sample was statistically analyzed, revealing a strong dependence on Sb incorporation, as shown in figure 6 (e). The prevalent size increases for both ZB and WZ segments with increasing Sb incorporation. For the InAs NWs, the size of the ZB and WZ segments is roughly equal. For the InAsSb NWs with a small amount of Sb, the WZ segment size is slightly larger than that of the ZB, while for the samples with a higher Sb content (16%), the size of the ZB segments is much larger than those of the WZ. More importantly, the sample of NWs with 19% Sb shows a pure-ZB crystal phase. This observation is further confirmed by the corresponding fast Fourier electron diffraction pattern, as depicted in figure 6 (bottom panel). The 111 ZB and/or 0002 WZ spot indicates the growth direction both in the ZB and WZ phases. The streaks passing through the spots along the growth direction indicate the presence of stacking faults in the structure, lying on the (111)ZB/(0002)WZ planes. It can be seen that the streaks get weaker with more Sb incorporation, and for the NWs with 19% Sb, the diffraction patterns only show spots, which implies the pure phase of the NWs. The evolution of the crystalline properties was attributed to an enhanced modification of the thermodynamic process in MBE growth induced by both Sb incorporation and the use of droplets in the growth [13, 17] . We previously reported [13] that with an increasing Sb incorporation, the crystal structure of InAsSb NWs evolved from a WZ/ZB mixture to one initially dominated by WZ, then to one dominated by ZB while Sb content was above 4%. Dheeraj et al [41] have also reported that the presence of Sb favours ZB phase formation in GaAsSb NWs. It should be noted that this crystal evolution in InAsSb NW growth is further enhanced in droplet-assisted epitaxy due to the additional factor of the modification of the droplet contact angle. Furthermore, these HRTEM images also reveal the presence of various stacking faults in dropletassisted MBE-grown NWs, such as grain boundaries, rotation twins etc. We have found that the incorporation of Sb is capable of reducing the density of the stacking faults [13] , which is in agreement with the observations reported by J Marion et al [17] . This is in turn anticipated to improve the optical properties of the resulting NWs. This observation indicates that droplet-assisted growth is a favourable technique for obtaining high-quality NWs. It should be noted that the optical properties could be further improved by suppressing the surface states, which is the major factor impeding the development of NW optoelectronic devices.
In conclusion, we report optically efficient InAsSb NWs with an Sb content of up to 19% covering the entire midwavelength infrared, i.e. 3.0-5.1 μm. Although the higher Sb incorporation induces broader Sb fluctuations within single NWs, we found that Sb incorporation effectively improves the optical properties of the InAsSb NWs. The optical properties progress from multi-peak emissions containing a significant amount of defects/impurity-related emission, to single peak emission persisting up to room temperature. This was attributed to the high crystalline quality of the NWs obtained via optimized droplet-assisted epitaxy. Built on this advanced growth technique, we obtained, for the first time, a long wavelength emission of 5.1 μm in InAsSb NWs. This study paves the way to utilizing InAsSb NWs to fabricate highly efficient silicon-based MWIR and FWIR photodetectors which can operate at room temperature.
